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Perception of depth difference between two dots is more difficult if additional dots intervene between 
them. By varying the onset asynchrony (SOA) between the endpoints and one or several intervening 
dots, we measured the time--course of the process that elevates tereoscopic thresholds. It turned out 
that adding the intervening dots under these conditions decreased performance to, and often below, 
the level that was achieved with a total presentation time corresponding to the SOA for intervening 
dots presented both binocularly and monocularly. This is an indication for an active inhibitory process. 
Stereoscopic depth Inhibition Human psychophysics Temporal factors 
INTRODUCTION 
It has been shown previously that thresholds for the 
depth-comparison f two neighbouring dots increase 
considerably if additional dots are presented on an 
imaginary line between these two dots (Fahle & 
Westheimer, 1988; cf. also Werner, 1937; Gogel & 
Mershon, 1977; Westheimer, 1979; McKee, 1983; 
Mitchison & Westheimer, 1984). Stepwise relocation of 
the additional dots above or below the imaginary con- 
necting line gradually restored the original thresholds 
while relocation i  depth (by introducing large disparities 
in the intervening dots) had little effect (Fahle & West- 
heimer, 1988). The previous experiments made it prob- 
able that the reduction in perceived epth caused by the 
intervening dots was at least partly due to a local 
mechanism extracting depth differences only between 
adjacent dots, which then cannot operate when the 
endpoints are no longer shown by themselves. It is 
important to stress that the additional dots do convey 
the correct depth information, hence they are not usual 
masking stimuli. 
In the previous experiments, all parts of the stimulus 
configuration were presented simultaneously. Precision 
of stereo judgement is known to improve with presen- 
tation times up to around 1 sec and more (Ogle & Weil, 
1958; Westheimer & Pettet, 1990). Therefore, it seemed 
possible to investigate the mechanism underlying the 
increase of stereo thresholds by introducing an onset 
asynchrony (SOA) between the presentation f the end- 
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points and of the intervening dots. The presentation of
the endpoints by themselves would enable the visual 
system to begin the computation ofdepth. The presence 
of intervening dots would render the perception of 
depth more difficult, but with an increase of their SOA 
performance should improve to the level achieved for 
presentation of two dots alone. 
The use of the term inhibition for the increase in 
threshold caused by the presence of intervening dots is, 
however, not meant o imply that the underlying neur- 
onal mechanisms must act via inhibitory interactions--it 
might just introduce additional noise to the system and 
hence inhibit the calculation of precise depth judgements. 
MATERIALS AND METHODS 
Stimuli were presented on the screens of two x/y 
monitors (Tektronix 608) controlled by a micro- 
computer via 16-bit D/A converters. Mirrors in front 
of both eyes separated the ray paths such that each eye 
saw only one monitor. Stimuli consisted of small bright 
dots (0.002c/deg; 1.5 rain arc angular subtense) on a 
dark background. The room was dimly lit and the 
observation distance was 2.5 m. Between the stimulus 
presentations, a flat peripheral fusion pattern was dis- 
played. It consisted of the corner portions of a rectangle 
of side lengths 45 and 60 rain arc. 
The basic stimulus pattern consisted of two dots 
("endpoints"), 20 rain arc apart [Fig. l(a)]. One dot had 
a crossed disparity, the other dot had an uncrossed 
disparity of equal value relative to the fusion pattern. 
Observers had to indicate the direction of slant in depth 
(right dot nearer, or left dot nearer). Either one [Fig. l(b)] 
or four intervening dots [Fig. l(c)] were added between 
these endpoints, dividing the distance between the end- 
points in equal parts, both laterally and in depth. In 
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F IGURE 1. Stimulus configurations used. (a) The basic task was to identify which of two dots, 20 min arc apart, was closer 
to the observer. (b) Thresholds increased when an additional dot was displayed in the middle between the two endpoints. 
(c) If four dots rather than one dot intervened, thresholds increased even more. (d) The additional dots were also displayed 
outside the imaginary line connecting the endpoints, rather than intervening between the endpoints. (e) Different ypes of SOA 
were used. 
some experiments, the additional dots were on the same 
imaginary line through the endpoints as the intervening 
dots were, but laid out beyond the "outer" borders of 
that line [Fig. l(d)]. Presentation time for each feature 
was usually 2.0 or 0.5 sec, and the SOA between the 
display of the endpoints and the display of the interven- 
ing dots was varied between 0 and 2.0 sec [Fig. l(e)]. In 
another experiment, the disparity threshold was 
measured for just the endpoints alone, without inter- 
vening dots, and for presentation times between 0.05 and 
2 sec. 
Each observer contributed at least 300 responses 
to each data point shown in the graphs. To avoid 
systematic effects of practice, the different SOAs were 
measured in pseudo-random order in all observers. 
Seven equally spaced stimulus conditions were used in 
each experimental run: three in which the dot on one 
side was nearer while in three others, the dot on the 
other side was nearer, and one condition in which all 
dots were fronto-parallel. One of these conditions, 
selected at random, was shown during each presentation. 
Error feedback was provided except for observer MF. 
Three trained psychophysical observers, one untrained 
observer (TH), uninformed as to the purpose of the 
experiment, and one of the authors (MF) participated in
the experiment. The second author eplicated part of the 
experiments, with similar results (not shown). Observers 
were between 29 and 45 yr old, without any ophthalmo- 
logical problems. Data were collected by the computer 
and thresholds calculated by Probit analysis, using the 
75% correct level as the threshold criterion for the 
discrimination between right point nearer vs left point 
nearer, though this threshold may be regarded as exagger- 
ating the sensitivity of the system (Fahle, Henke-Fahle 
& Harris, 1994). 
Results of observers GW and MF were obtained 
on a very similar set-up, as described in Fahle and 
Westheimer (1988) where further details on the methods 
used can be found. 
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F IGURE 2. Stereoscopic thresholds for the correct identification of 
relative depth of two dots as a function of SOA between these two dots 
(EP) and one intervening dot (ID). At the outer right, results for two 
dots are shown for a presentation time of 2 sec. Results of five 
observers and their normalized mean. Standard errors of the individual 
data points were usually around 20% of the value of the data points. 
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RESULTS 
At a presentation time of 2 sec for both the endpoints 
(dots) and a single intervening dot [Fig. 1 (b)], thresholds 
improved with increase in the SOA between the endpoints 
and the intervening dot. The decrease of thresholds was 
quite continuous (cf. Fig. 2). Thresholds for a SOA of 
I sec were still higher (P = 0.07; paired t-test) than for 
a 2 sec presentation of the endpoints alone, and the 
difference was significant between the SOAs of 2 and 
0.5 sec (P < 0.02). The slope of this decrease was clearly 
steeper for a shorter presentation time of 0.5 sec (Fig. 3). 
Linear regression lines through the logarithm of indi- 
vidual results of all observers had slopes between -0.19 
and -0.02, with a mean of -0.089 (__0.029SE; 
P <0.05)  for 2sec  presentat ion  and between -0 .88  
and +0.05  with a mean of  -0 .44  (_+0.16 SE; P < 0.05) 
for 0.5 sec presentat ion time. 
I f  four  dots,  rather  than a single dot,  intervened 
between the endpo ints  [cf. Fig. l(c)], the thresholds 
increased even more- -but  they also improved  with SOA 
more  than when there was only a single intervening dot.  
Th is  was true both  for a presentat ion  t ime of  2sec  
(Fig. 4) and for a presentat ion  t ime of  0.5 sec (Fig. 5). 
Slopes o f  regression lines through the results o f  the 
indiv idual  observers  were between -0 .33  and -0 .04  
with a mean of  -0 .18  (_+0.06 SE; P < 0.05) for 2 sec 
and between -0 .86  and -0 .43  with a mean of  -0 .58  
(_+0.08 SE; P < 0.01) for 0.5 sec presentat ion times. 
The results were independent  o f  whether  observers were 
a l lowed to press the but ton  as soon as they wished to 
(our usual strategy) or  whether  they had to wait  pat ient ly 
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FIGURE 4. Thresholds as in Fig. 2, but the onset asynchrony 
was between two endpoints and four intervening dots, rather than 
one intervening dot. At the outer right, results for two dots are shown 
("2 dot") and for two dots with additional dots outside their interval 
at zero SOA ["d outside", cf. Fig. I(d)] for a presentation time of 
2 sec. Results of five observers and their mean. EP, endpoints; 
ID, intervening dots. 
until the end of the presentation. Table 1 gives the results 
of four observers for both conditions. The difference 
between conditions is not significant (P = 0.7; Wilcoxon 
signed rank test). 
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FIGURE 3. Stereoscopic thresholds for detection of a disparity 
difference as in Fig. 2, but the presentation time of each dot was 0.5 sec, 
rather than 2 sec. At the outer right, results for two dots are shown for 
a presentation time of 0.5 sec. Results of five observers and their mean. 
Inset shows the time course of presentation for endpoints (EP) and 
intervening dots (ID). 
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FIGURE 5. Thresholds for detection of a disparity difference as in 
Fig. 4, but the presentation time of each dot was 0.5 sec, rather than 
2 sec. Additional controls are shown at the outer right, as in Fig. 4. 
Results of five observers and their mean. EP, endpoints. 
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TABLE 1. Thresholds of four observers for four intervening dots, 
presented at SOAs of l and 2 sec, as in Fig. 4 
Monocular Binocular 
1000 msec 2000 msec 1000 msec 2000 msec 
Fast Slow Fast Slow Fast Slow Fast Slow 
AH 31.8 34.2 26.2 23.8 25.3 25.05 16.8 20.1 
MF 11.0 21.1 11.75 15.5 8.75 10.9 15.9 9.7 
HW 32.1 33.15 24.1 25.7 29.15 26.45 24.85 26.25 
NF 8.8 6.8 9.0 6.3 8.5 6.8 7.0 5.5 
Two conditions were measured: (a) push button as soon as you like; 
(b) postpone response until end of presentation. 
When the additional dots were placed not between the 
endpoints but beyond them [cf. Fig. l(d)], stereoscopic 
thresholds at zero SOA increased less than when the dots 
were between the endpoints (cf. Figs 4 and 5). This 
increase was still significant in both figures (P < 0.05; 
Wilcoxon signed rank test), but the difference between 
the dots inside and dots outside conditions failed to 
reach significance due to the small sample size of the 
separate data sets in the two figures. When the data sets 
were combined, i.e. a comparison was made between all 
conditions "dots inside" vs "dots outside", the difference 
between these conditions was significant (P = 0.036; 
Wilcoxon signed rank test). 
The thresholds for presentation of just the endpoints 
depended critically on presentation time; they were more 
than 3 times higher for presentation times of 0.05 than 
for a presentation time of 2 sec (Fig. 6). Regression lines 
through the individual results of all observers had slopes 
between -0 .4  and -0.19. Mean slope was -0.28 
(+0.03 SE; P < 0.01). 
Adding the intervening dots at a given SOA decreased 
performance to the level usually achieved with a total 
presentation time of the endpoints corresponding to the 
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FIGURE 6. Thresholds for the correct identification of relative 
stereoscopic depth of two endpoints a  a function of stimulus duration 
(d). Results of five observers and their mean. EP, endpoints; ID, 
intervening dots; d, duration. 
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F IGURE 7. Stereoscopic thresholds for a 100 and a 200 msec presen- 
tation of just the endpoints, compared to a I00 msec presentation of 
the endpoints, followed by a 100 msec presentation of endpoints plus 
one (1 IP) or four intervening dots (4 IPs). Results of five observers and 
their means. 
SOA--or even below it (cf. Figs 2-5 with Fig. 6). This 
is to say, the extra time during which the intervening 
dots were added to the endpoints did not improve 
thresholds at all, or even deteriorated performance. 
A presentation time of 200 msec yielded slightly better 
results than a presentation time of 100 msec (P = 0.037, 
paired two-tailed t-test). Thresholds for a 100msec 
presentation of the endpoints alone were better than 
for an identical 100 msec presentation of the endpoints, 
followed by another 100 msec presentation of the same 
endpoints plus intervening dots. Hence, the additional 
100 msec presentation of endpoints plus intervening dots 
deteriorated thresholds (Fig. 7) (P ---0.018 for one dot; 
P = 0.045 for four dots). In line with these results, 
thresholds for a 200 msec presentation of the endpoints 
alone were significantly lower than for presentations of
the endpoints alone during the first 100 msec and end- 
points plus intervening dots during the second 100 msec 
(P = 0.01 for one dot; P = 0.07 for four dots). 
If the temporal order was reversed, i.e. the endpoints 
plus the intervening dots were presented first, followed 
by the endpoints (cf. insets of Fig. 8), the inhibitory 
effect was further increased at any given SOA: stereo 
thresholds were even higher as compared to when the 
endpoints were presented first (Fig. 8). Thresholds 
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FIGURE 8. Thresholds for different SOAs between intervening dots 300 ] IO monocular  
and endpoints. Presentation times were 2 sec for each group of dots, 1 ~_ . . _~ [ . . . . . .  [ 
as in Fig. 4, but here, the intervening dots came first (left inset). The 
data points at the right of the graph indicate results when the "~ 1004 ~,,,,, . ._ ~ 
presentation of the endpoints topped simultaneously with that of the ~ 1 - ~  
intervening dots (no offset asynchrony, OA; right inset) for a SOA of 
1000 msec. SOAs of 1500 and 2000 msec yielded similar values. Results 
of five observers and their mean. ,~ 30]  % ~ • 
decreased significantly with increasing SOA (slopes were ~ | 
between -0.37 and -0.14 with a mean of -0.22 + " 1°t 
0.04 SE; P < 0.01). If under these conditions, the pres- ~ (b) 
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entation of the two dots stopped simultaneously with the 0 100 soo 1000 2000 2 dots 
intervening dots, i.e. there was an SOA but no offset 
asynchrony (OA), threshold increased considerably 3oo 1 
(rightmost data points in Fig. 8). ~ ID binocular 
Presentation of the two dots for 2 see and of the | ~-'~---.-...~ ~" . . . .  _,1 
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FIGURE 9. Thresholds for a 2 sec presentation of the endpoints, with 
addition of the intervening dots for 666 msec either at the beginning, 
the middle, or the end of the presentation time of the endpoints. 
Results of five observers and their mean. 
FIGURE 10. Thresholds for a 2-sec presentation of the endpoints 
with different SOAs of a set of (a) one or (b) four intervening dots. 
Here, however, the intervening dots were presented only to one eye. (c) 
Control experiment: conditions were as in Fig. 4, but observer HW 
instead of TH participated. Results of five observers and their mean. 
higher thresholds if the intervening points were presented 
during the beginning of the presentation time (Fig. 9). 
Slopes of regression lines through the logarithmic 
thresholds of individual observers were between -0.42 
and 0.005, with a mean of -0.15 (_+0.07 SE; P > 0.1). 
There was no significant difference between the results 
for the different ime intervals. 
To ascertain whether the threshold inhibition caused 
by intervening dots is an effect entirely within the 
domain of disparity processing or whether it has a more 
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FIGURE 1 I. Stereoscopic thresholds for monocular and binocular intervening dots as well as for "endpoints only" (two dots) 
presentations. Results of three observers for three distances between endpoints (10, 20 and 40 min arc). 
general origin, the one or four intervening dots were 
shown only to one eye. Figure 10(a) illustrates that 
even a monocularly presented intervening dot increased 
thresholds. A comparison with the results for binocular 
presentation of the intervening dots (Fig. 2) shows that 
the effect was very similar. Regression lines through 
the individual results in Fig. 10(a) had slopes between 
-0.16 and -0.07 with a mean of -0.11 (+0.02SE; 
P < 0.05), not significantly different from those of Fig. 2 
(Wilcoxon signed rank test). When 4 intervening dots 
were presented, thresholds increased far stronger than 
when 1 dot intervened, even if the dots were presented 
only to one eye. 
For comparison, we have re-run the binocular con- 
dition of Fig. 4 to compensate for the possible ffects of 
learning on the results that might influence the com- 
parison [Fig. 10(c)]. Slopes of regression lines through 
the data of Fig. 10(b,c) varied between -0.009 and 
-0.076 (mean=-0.041 +0.015) for the monocular 
and between -0.004 and -0.064 (mean = -0.031 + 
0.013) for the binocular case. The difference between the 
results for monocular vs binocular presentation of the 
intervening dots was not significant (Wilcoxon signed 
rank test). 
The results for monocular intervening dots add a new 
aspect o the problem, since monocular dots do not have 
a well defined stereoscopic depth. Nevertheless, they are 
able to prevent exact depth computation as efficiently 
as binocularly presented intervening dots do. We have 
compared the effect of four monocular vs binocular 
intervening dots for a SOA of 0, i.e. for synchronous 
presentations, at different distances between the end- 
points. Figure 11 shows that the effect of binocular 
intervening dots is not significantly more pronounced 
than the effect of monocular intervening dots at any of 
the distances between the endpoints tested here. 
DISCUSSION 
The results how that the perception of relative local- 
ization in depth of two dots improves continuously with 
presentation time in all of our observers (Fig. 6), but 
strongly deteriorates if additional dots intervene between 
the two dots to be compared. If the same dots are dis- 
played at similar distances to the endpoints, but outside 
the imaginary line connecting the endpoints [Fig. l(d)], 
thresholds are less elevated than with presentation fthe 
endpoints alone. This is another indication that depth 
judgements rely partly on a comparison with the spatially 
neighbouring element (Fahle & Westheimer, 1988). The 
apparent tilt of the subjective fronto-parallel p ane that 
might increase with the number of simultaneously pre- 
sented features eems to be a second important factor 
especially if a clear system Of reference is lacking. Com- 
parison between the results for dots inside (SOA = 0 in 
Figs 4 and 5) vs dots outside (rightmost data points in 
Figs 4 and 5) reveals that in most observers, the number 
of dots seems to be more important than where they are. 
This finding would argue in favour of a more global 
process. In other observers (MF), the local process of 
comparison to the next neighbour seems to be more 
important for thresholds. 
The results obtained with monocularly presented 
intervening dots might be explained by the assumption 
that these dots are perceived as being at or near to the 
horopter. The results for the monocular intervening dots 
are compatible with our earlier result that moving the 
intervening dots in depth does not strongly influence the 
results (Fahle & Westheimer, 1988), and with recent 
results by Shimojo and Nakayama (1994) who demon- 
strated that under certain conditions, zones not carrying 
explicit depth information are experienced as stable 
extensions of surfaces with explicit depth. 
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The achievement of precise stereo-judgements requires 
far more time than most other hyperacuity tasks and 
more general, than most elementary visual tasks. We 
have corroborated and extended earlier findings 
(Westheimer & Pettet, 1990), and added the result that 
relative depth localization can be effectively disturbed by 
introduction, even after considerable times, of additional 
features. It is most important to note that this disturbing 
effect is not likely to occur on a retinal level, since ad- 
dition of dots had a stronger effect if the dots were 
located between the endpoints. A retinal process would 
be expected to be dependent only on distance, but not 
on direction of location between endpoint and addi- 
tional dot. It follows that the addition of the intervening 
dots interferes with the computation of stereoscopic 
depth in the visual cortex. One can only speculate about 
the exact nature of this interference; a possible candidate 
is that the mechanisms which compare the relative 
depths of the dots are relatively slow and are bound to 
compare neighbouring features. As soon as the addi- 
tional dots would be presented, any further computation 
of the depth difference between the formerly neighbouring 
end-points would be disabled and even the results ob- 
tained so far seem to be partly lost. Similar speculations 
hold true for a possible apparent tilt of the subjective 
fronto-parallel plane. 
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